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Abstract 
The Shuttle Hypervelocity Impact Database documents damage features on each Orbiter from micrometeoroids (MM) and orbital debris (OD). 
Data is divided into tables for crew module windows, payload bay door radiators and thermal protection systems along with other 
miscellaneous regions. The database contains nearly 3000 records, with each providing impact feature dimensions, location on the vehicle and 
relevant mission information. Additional detail on the type and size of particle that produced the damage site is provided when sampling data 
and definitive spectroscopic analysis results are available. Relationships assumed when converting from observed feature sizes in different 
shuttle materials to particle sizes will be presented.  
© 2015 Published by Elsevier Ltd. Selection and/or peer-review under responsibility of the Hypervelocity Impact Society. 
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1. Shuttle Post Flight Inspection 
The reusable nature of Space Shuttle vehicle provided NASA with a unique opportunity to conduct a long term observation 
campaign on returned spacecraft surfaces. Rationale for the inspection effort includes validation of certain orbital debris 
environment size regimes, along with tracking the vulnerability of spacecraft regions to hypervelocity impact damage.  
From the launch of OV-102 Columbia in April 1981 to the July 2011 wheel stop of OV-104 Atlantis, NASA flew 135 Space 
Shuttle missions, spending over 1,330 flight days (3.65 years) in low earth orbit [6]. After each mission, the vehicles were 
thoroughly inspected to ensure readiness for the next flight. In the early days of the program, micrometeoroid and orbital debris 
(MMOD) damage was occasionally captured by technicians. A turning point occurred after the STS-50 mission in 1992, when 
inspections on the Columbia vehicle revealed a large number of impacts to the payload bay door radiators [1]. In the years 
following STS-50 more rigorous inspection procedures were gradually implemented by NASA (i.e., performing MMOD 
inspections for some missions) until they became a regular post-flight feature with ISS assembly missions (starting with STS-
96).  
In the typical on-orbit configuration, the space shuttle orbiter vehicle has a surface area of approximately 1,570 square 
meters, and the majority is covered by thermal protection system (TPS) tiles and blankets. Post flight inspection experience has 
shown that hypervelocity impact damage in shuttle TPS materials, while relatively easy to discern, was difficult to sample with 
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non-destructive techniques. Furthermore, the damages to the Shuttle TPS were due in part to launch debris as well as 
hypervelocity impact, and were repaired relatively rapidly after the Shuttle returned from a mission (leaving little time to 
identify and sample MMOD damage). Because of the difficulties in processing the TPS tiles and blankets, MMOD inspection 
and sampling efforts evolved to concentrate on three areas of the vehicle: crew module windows, payload bay door radiators and 
reinforced carbon-carbon (RCC).  Therefore, the majority of the inspection database is populated with inspection results from 
these three areas. However, this paper will focus on the window and radiator datasets since they were used in the formulation of 
the ORDEM 3.0 orbital debris environment model [5]. 
Orbiter post flight MMOD inspections included detection of hypervelocity impact damage, documentation and sampling 
phases. Methods for the three phases varied depending on the vehicle region, but the overall protocol remained the same. 
MMOD damage detection was accomplished visually with support from enhanced lighting in the visual spectrum and work 
platforms to access the vehicle region. Documentation typically consisted of feature location and size data, along with macro 
and microscopic images. Various sampling techniques were used to extract projectile residue from damage sites. The samples 
were subjected to Energy Dispersive Spectroscopy (EDS) in conjunction with a Scanning Electron Microscope (SEM) in an 
attempt to discern the source of the impact; that is, whether the non-target impact residues found in the sample had a 
composition that were consistent with the range of meteoroid compositions, or with orbital debris. For instance, nickel and iron 
(with or without sulfur present) is an indication for a Ni-Fe meteoroid; whereas nickel, iron and chromium together indicate that 
the damage was caused by orbital debris.  
1.1. Payload Bay Door Radiators 
On a typical shuttle mission one of the initial activities after orbit insertion was to open the payload bay doors. The doors 
remain open until just before the deorbit engine firing. There are eight radiators mounted on the inside surface of the payload 
doors with an area of about 120 square meters. They are constructed of aluminum sandwich panels with thermal control tape on 
the facesheets. There were two advantages to collecting impact data from the radiators. The relatively large surface area (7.6% 
of vehicle total) increases the number of expected impact features. Also important was the fact that the radiator surfaces were 
protected during ascent and re-entry mission phases. Reprosil® vinyl polysiloxane impression material was used to obtain 
samples from crater damages in the facesheet. 
The primary drawback to using the radiators as an impact collection site was the presence of aluminum in the background of 
the impact sites. Discernment of the otherwise commonly detected aluminum orbital debris material was found to be very 
difficult in samples obtained from radiator impacts. Larger impact events resulted in a perforation of the radiator facesheet, 
preventing the usual methods of crater sampling. In these cases, fragments of thermal tape and facesheet material were 
recovered during the repair procedure for SEM/EDS analysis. 
1.2. Crew Module Windows 
The orbiter crew module is outfitted with eleven windows. Six of the windows face the orbiter front and sides, two face the 
top, two face the payload bay, and a small window in the crew ingress and egress side hatch [2]. Most of the window locations 
use a three pane design that consists of an internal pressure pane, redundant pressure pane, and a fused silica outer thermal pane. 
Even though the 3.6 square meter surface area of the 11 windows is less than 1% of the vehicle total, this small area provided 
the majority of the records in the orbiter impact dataset. This was due to the unique response of the fused silica material under 
hypervelocity impact conditions, allowing the detection of very small impact features compared to the other regions [3]. 
Reprosil® vinyl polysiloxane impression material was used on suspected MMOD sites to measure crater features and extract 
impactor residue. In a few cases, cores with the impact damage were extracted and analyzed directly by SEM/EDS. 
2. Shuttle HVI Database 
2.1. Overview 
The database has been populated from a variety of sources. Some of the inspection data comes from observation and 
sampling by Johnson Space Center personnel. Significant contributions were also received from NASA, United Space Alliance 
and Boeing inspectors at Kennedy Space Center. Currently there are separate tables for window and radiator data. A third table 
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contains impact data for all of the remaining areas. All three data sets have been populated for missions STS-50 through STS-
133.  
2.2. Structure 
The current database is implemented as an Excel 2013 workbook. There is a “Home” worksheet with hyperlinks to the major 
sections listed below. There are individual “stats” sheets for the window and radiator datasets which provides summary 
information such as number of missions, total number of records, impact source breakdown (MM, OD or unknown), crater totals 
(average/maximum length, width & depth), particle totals (average/maximum diameter & length) and debris source breakdowns. 
The summary sheets also contain charts showing total number of impacts on different windows panes and radiator panels. 
The database also contains separate sheets for window and radiator impact data that are described in detail in the following 
section. A “window replacement” sheet tabulates the number and location of scrapped panes on each mission. Charts are used to 
compare mission totals and replacement rates. Another sheet named “facesheet perfs” is used to display the number of radiator 
facesheet perforations recorded on each mission since STS-50 in 1992. 
 The final dataset is collected in a worksheet named “other impacts”. It contains data for impacts observed on payload bay 
liner material (Beta cloth), various thermal protection system surfaces, reaction control system thruster nozzles, antenna dish 
and electronics box, RCC panels, main engine nozzle and control surface seal material. Also included is a data sheet named 
“exposure time” showing orbiter vehicle, flight number, date, inclination, average altitude, exposure time and payload for each 
mission from STS-1 through STS-135. A “velocity lookup” sheet contains average impact velocity for each mission as a 
function of year, altitude and inclination as computed by ORDEM2000 [4] and ORDEM 3.0 [5]. Finally a “particle lookup” 
sheet with density values for various OD particles is provided. 
2.3. Datasets 
There are 1,894 impact records in the database of Shuttle window MMOD impacts, and 614 impacts in the radiator database. 
The information provided for each impact record is given in Table 1. 
Table 1. Window and Radiator Impact Data 
Data Type Window Craters Radiator Damage 
Mission number 9 9 
Impact location Window number Radiator panel number 
Hardware status “Ok to fly” or “remove & replace” not applicable 
Damage size Crater length, width, depth 
Tape hole diameter, facesheet crater size (length, 
width, depth), facesheet hole diameter (length, width) 
Estimated particle diameter – Analysis 1  9 parallel to target 9 from tape hole average diameter 
Estimated particle length – Analysis 2 9 orthogonal to target 9 from facesheet hole or crater average diameter 
Particle diameter “Best Estimate” 9 average of available estimates 9 average of available estimates 
SEM/EDS results (MM or OD, type of OD) 9 9 
 
Similar fields are used for the 453 records of remaining impact data. The mission number along with material type and 
location are paired with impact feature dimensions. Most of this data records damage to the RCC panels and the flexible 
reusable surface insulation (FRSI) located on the outside of the payload bay doors. There are internal NASA reports by the 
authors of this paper that document observed MMOD damage for numerous shuttle missions.  
3. Damage Equations – Payload Bay Door Radiators 
Particle sizes for the radiator dataset were estimated using equations derived from hypervelocity impact testing on shuttle 
radiator materials in 2011. Data from 35 of these tests is given in Table 2. Shuttle radiators consist of silver-Teflon thermal tape 
adhesively bonded to an aluminum honeycomb panel (aluminum facesheets and aluminum honeycomb core). The shuttle 
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program switched from a thicker “type IV” thermal tape to a thinner “type VI” in the 1999-2000 time period. The main 
difference between types was the absence of a layer of Kapton in the newer “type VI” tape. The hypervelocity impact tests 
described in Table 2 used the type VI tape (0.14mm thick) adhesively bonded to an aluminum honeycomb panel with 0.28mm 
thick Al 6061T6 facesheets. Another 30 tests were performed on radiator samples with the thicker type IV thermal tape, and 
were used for derivation of damage equations for that type of target. Spherical projectiles were used in the tests including glass 
(2.45 g/cm3), aluminum 2017T4 (2.796 g/cm3), aluminum-oxide (3.98 g/cm3) and 440C stainless steel (7.67 g/cm3) projectiles. 
The type of damage to the front facesheet of the radiator sample is listed in Table 2; that is, whether the facesheet has a crater in 
it, or is it completely perforated. In several cases, crater depths exceeded the facesheet thickness. This is due to the ductility of 
the facesheet material which allowed the crater depth to increase beyond the facesheet thickness without failing. In a few tests, 
multiple craters were observed in the facesheet. In these cases, Table 2 indicates the overall diameter of the facesheet damage 
(across all craters) and the maximum depth of the craters. For oblique impacts, with non-circular (typically elliptical) craters and 
holes, the average diameter of the damage is provided based on the following:  
 
Average hole or crater diameter = (maximum length * length in orthogonal direction)0.5 
 
For each shuttle impact database record, projectile sizes were calculated for each recorded damage type (tape hole, facesheet 
crater depth and facesheet hole diameter) using the damage equations derived from test. Typical hypervelocity impact damage to 
the radiator samples is given in Figure 1. The thermal tape is completely penetrated in these tests, with a hole in the thermal tape 
that is much larger than the damage to the aluminum facesheet. The aluminum facesheet of the honeycomb panel can either 
have a perforation or a crater (not completely penetrated). Damage equations were developed for the thermal tape hole size 
(average diameter), the aluminum facesheet hole diameter, and the facesheet crater depth. These equations are then used in the 
database to estimate the particle size causing the damage based on the measured tape hole diameter and either the facesheet hole 
diameter or crater depth. The database uses the “best estimate” average of available particle diameters derived from the 
measured damage to the thermal tape and/or facesheet for each record. 
Fig. 1. Results from two shuttle radiator hypervelocity impact tests. 
Equation 1 provides the impact particle diameter estimate based on tape hole diameter in the newer “type VI” thermal tape 
and equation 2 provides particle diameter for holes in the older and thicker “type IV” variety. Figure 2 shows how the results 
from Equation 1 compare to the data in Table 2. 
050.0676.0175.0271.1 cos*4794.0 TU  VDd tape
                                                        
(1) 
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049.0328.0389.0436.0 cos*7918.0  TU VDd tape
                                                        
(2) 
Equation 3 provides the impact particle diameter estimate based on facesheet crater depth for both the newer “type VI” 
thermal tape and the older “type IV” thermal tape. Figure 3 compares the estimates from Equation 3 and the data from tests 
resulting in facesheet craters in Table 2. 
706.0697.0401.0199.0 cos*  TU VdCd fsfs
                                                        
(3) 
Equation 4 provides the impact particle diameter estimate based on facesheet hole diameter for both the newer “type VI” 
thermal tape and the older “type IV” thermal tape. Note this equation returns the maximum value of two expressions. Figure 4 
illustrates the comparison between tests and predictions based on facesheet holes. 
     )05.1,cos6726.1max( 3231151.032242.0045.1  nfs VVDd UTU
                                                        
(4) 
Where, 
d = projectile diameter, mm    V = projectile velocity, km/s    
Dtape = inside hole diameter in Teflon tape, mm  θ = impact angle, degrees   
dfs = facesheet crater depth, mm    Vn = normal component of velocity (Vcosθ), km/s   
Dfs = facesheet hole diameter, mm    ρ = projectile density, g/cm3 
Cfs = facesheet coefficient = 1.2988 for older “type IV” tape, 1.2393 for newer “type VI” tape 
 
Fig. 2. Comparison of modeled projectile diameter using Equation 1 and actual projectile diameter used in impact tests. 
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Fig. 3. Comparison of modeled projectile diameter using Equation 3 and actual projectile diameter used in impact tests. 
 
Fig. 4. Comparison of modeled projectile diameter using Equation 4 and actual projectile diameter used in impact tests. 
Table 2. Hypervelocity Impact Data for Shuttle Radiators 
Test 
Number 
Projectile 
Material 
Projectile 
Diameter 
(mm) 
Projectile 
Mass 
(g) 
Impact 
Velocity 
(km/s) 
Impact 
Angle 
(deg) 
Teflon thermal 
tape  
inside and outside 
hole diameter 
(mm) 
Facesheet 
damage 
type 
Facesheet damage:  
hole inside diameter,  
crater inside diameter, 
crater depth  
(mm) 
HITF11392 Glass 0.3 3.5E-5 7.13 70 ID: 0.85, OD: 1.19 
Craters 
(multiple) 
crater ID: 1.11, depth: 0.12 
HITF11393 Al2017T4 0.4 9.4E-5 7.03 65 ID: 2.34, OD: 3.30 Perforation hole ID: 0.40 
HITF11394 Glass 0.2 1.0E-5 6.93 45 ID: 0.55, OD: 0.90 
Craters 
(multiple) 
crater ID: 0.84, depth: 0.16 
HITF11395 Glass 0.33 4.6E-5 6.88 65 ID: 1.82, OD: 2.46 
Crater 
(multiple) 
crater ID: 0.81, depth: 0.38 
HITF11396 Al2017T4 0.4 9.4E-5 7.03 70 ID: 2.36, OD: 3.41 Crater crater ID: 1.08, depth: 0.48 
HITF11397 Al2017T4 1.0 1.46E-3 6.98 45 ID: 5.86, OD: 7.71 Perforation hole ID: 2.77 
HITF11398 Al2O3 1.0 2.14E-3 7.18 45 ID: 6.48, OD: 7.70 Perforation hole ID: 3.05 
HITF11399 Al2O3 0.25 3.3E-5 6.95 0 ID: 2.00, OD: 4.30 Perforation hole ID: 0.80 
HITF11400 Al2O3 0.25 3.3E-5 6.89 45 ID: 2.10, OD: 3.50 Perforation hole ID: 0.75 
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HITF11401 Al2O3 0.25 3.3E-5 7.05 60 ID: 2.10, OD: 4.32 Crater crater ID: 0.79, depth: 0.35 
HITF11402 Steel 0.25 6.3E-5 6.94 0 ID: 2.30, OD: 4.10 Perforation hole ID: 0.90 
HITF11403 Steel 0.25 6.3E-5 7.05 45 ID: 2.55, OD: 4.05 Perforation hole ID: 1.04 
HITF11404 Steel 0.25 6.3E-5 7.00 60 ID: 2.63, OD: 4.20 Perforation hole ID: 0.98 
HITF11405 Al2017T4 0.4 9.4E-5 6.95 0 ID: 2.70, OD: 4.20 Perforation hole ID: 1.20 
HITF11406 Steel 0.4 2.6E-4 7.01 0 ID: 2.95, OD: 4.33 Perforation hole ID: 1.30 
HITF11407 Al2O3 0.4 1.3E-4 6.78 0 ID: 2.75, OD: 4.04 Perforation hole ID: 1.20 
HITF11408 Al2017T4 0.4 9.4E-5 6.89 45 ID: 3.15, OD: 4.35 Perforation hole ID: 1.15 
HITF11409 Steel 0.4 2.6E-4 7.11 45 ID: 3.43, OD: 4.99 Perforation hole ID: 1.64 
HITF11410 Al2O3 0.4 1.3E-4 6.97 45 ID: 3.05, OD: 5.00 Perforation hole ID: 1.30 
HITF11411 Al2017T4 0.4 9.4E-4 7.05 60 ID: 2.94, OD: 4.38 Perforation hole ID: 0.65 
HITF11412 Steel 0.4 2.6E-4 6.83 60 ID: 3.68, OD: 5.37 Perforation hole ID: 1.69 
HITF11413 Al2O3 0.4 1.3E-4 6.89 60 ID: 3.10, OD: 4.29 Perforation hole ID: 1.18 
HITF11414 Al2017T4 0.8 7.5E-4 7.00 0 ID: 4.35, OD: 6.18 Perforation hole ID: 2.20 
HITF11415 Steel 0.8 2.1E-3 6.83 0 ID: 4.74, OD: 7.33 Perforation hole ID: 2.25 
HITF11416 Al2017T4 0.8 7.5E-4 6.99 45 ID: 4.75, OD: 6.45 Perforation hole ID: 2.40 
HITF11417 Steel 0.8 2.1E-3 6.91 45 ID: 5.20, OD: 7.29 Perforation hole ID: 2.98 
HITF11418 Al2017T4 0.8 7.5E-4 7.01 60 ID: 4.44, OD: 6.20 Perforation hole ID: 2.32 
HITF11419 Steel 0.8 2.1E-3 7.10 60 ID: 5.29, OD: 7.25 Perforation hole ID: 2.94 
HITF11420 Al2O3 0.25 3.3E-5 7.01 60 ID: 1.89, OD: 2.97 Crater, BL 
hole ID: 0.07, crater ID: 
0.79 
HITF11421 Al2O3 0.25 3.3E-5 6.98 60 ID: 1.94, OD: 2.52 Crater crater ID: 0.89, depth: 0.35 
HITF11422 Al2O3 0.25 3.3E-5 6.97 45 ID: 2.04, OD: 2.84 Perforation hole ID: 0.61 
HITF11423 Al2017T4 0.4 9.4E-5 8.29 45 ID: 3.94, OD: 5.27 Perforation hole ID: 1.24 
HITF11424 Al2017T4 0.4 9.4E-5 5.89 45 ID: 3.34, OD: 4.15 Perforation hole ID: 1.03 
HITF11425 Al2017T4 0.4 9.4E-5 4.28 45 ID: 2.30, OD: 2.91 BL 
crater ID: 0.99, hole ID: 
0.55 
HITF11426 Al2017T4 0.4 9.4E-5 2.74 45 ID: 1.68, OD: 2.21 Crater crater ID: 0.72, depth: 0.27 
Note: ID = inside diameter, OD = outside diameter, impact angle measured from target normal (0 deg impact angle is normal to the target), BL = at facesheet 
perforation ballistic limit 
4. Damage Equations – Crew Module Windows 
Particle sizes in the window dataset were calculated using equations from JSC-28033 [1]. For the fused silica windows, 
equation 5 calculates projectile diameter (parallel aspect to target) as a function of crack and flaw (or surface spall) dimension, 
while equation 6 estimates projectile length (perpendicular aspect to target) as a function of penetration depth. Each window 
impact in the database uses the average of available projectile diameters as a best estimate. 
 
   313175.0076.0  nVDd U
                                                    
(5) 
     94.0322189.1  nVPd U
                                                        
(6) 
Where, 
d = projectile size, cm     Vn = normal component of velocity, Vcos(θ), km/s   
D = diameter of window crack/flaw, cm   ρ = projectile density, g/cm3 
P = penetration depth, cm 
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5. Conclusions 
65 hypervelocity impact tests were performed using a variety of projectile densities (including glass, aluminum, aluminum-
oxide, and steel) on high fidelity mockups of the Shuttle radiator panels. The results of these tests were used to develop damage 
equations for the Shuttle radiator panels, which were then used to derive the nominal MMOD particle diameters that caused the 
damage for approximately 614 impact sites that were found on the Shuttle radiators post-flight. MMOD impacts also resulted in 
1,894 craters on the Shuttle windows that are documented in the database. A similar approach was taken to interpret the nominal 
MMOD particle size causing these craters, using a previously derived penetration equation (given in the paper) in the analysis. 
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